Vision loss from ischemic retinopathies commonly results from the accumulation of fluid in the inner retina [macular edema (ME)]. Although the precise events that lead to the development of ME remain under debate, growing evidence supports a role for an ischemia-induced hyperpermeability state regulated, in part, by VEGF. Monthly treatment with anti-VEGF therapies is effective for the treatment of ME but results in a major improvement in vision in a minority of patients, underscoring the need to identify additional therapeutic targets. Using the oxygen-induced retinopathy mouse model for ischemic retinopathy, we provide evidence showing that hypoxic Müller cells promote vascular permeability by stabilizing hypoxia-inducible factor-1α (HIF-1α) and secreting angiogenic cytokines. Blocking HIF-1α translation with digoxin inhibits the promotion of endothelial cell permeability in vitro and retinal edema in vivo. Interestingly, Müller cells require HIF-but not VEGF-to promote vascular permeability, suggesting that other HIF-dependent factors may contribute to the development of ME. Using gene expression analysis, we identify angiopoietinlike 4 (ANGPTL4) as a cytokine up-regulated by HIF-1 in hypoxic Müller cells in vitro and the ischemic inner retina in vivo. ANGPTL4 is critical and sufficient to promote vessel permeability by hypoxic Müller cells. Immunohistochemical analysis of retinal tissue from patients with diabetic eye disease shows that HIF-1α and ANGPTL4 localize to ischemic Müller cells. Our results suggest that ANGPTL4 may play an important role in promoting vessel permeability in ischemic retinopathies and could be an important target for the treatment of ME.
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diabetes | retinal vein occlusion | angiogenesis | transcription factor I schemic retinopathies include a diverse group of retinal diseases, in which immature retinal vasculature (e.g., retinopathy of prematurity or incontinentia pigmenti) or damage to mature retinal vessels (e.g., diabetic retinopathy, retinal vein occlusion, or sickle cell retinopathy) leads to retinal ischemia (1) . Although diverse (and poorly understood) etiologies may lead to insufficient perfusion of the retina, all lead to a common sequelae: the formation of abnormal leaky blood vessels that can manifest clinically with the accumulation of fluid in the inner retina [i.e., macular edema (ME)] and often, a profound loss of vision (2) . Indeed, ME in patients with ischemia-induced retinopathies remains the leading cause of vision loss in the working age population in the developed world (3) .
The concept that ischemic retinopathies are driven by ischemia-induced angiogenic factors was proposed over half a century ago (4) . A single transcriptional activator, hypoxia-inducible factor-1 (HIF-1), has recently emerged as the master regulator of these angiogenic mediators. HIF-1 is a heterodimeric protein composed of an exquisitely oxygen-sensitive α-subunit and a ubiquitous β-subunit. Under hypoxic conditions, degradation of the oxygensensitive HIF-1α subunit is reduced, whereas its transcriptional activity is enhanced (5) (6) (7) . The resulting increased amount of active HIF-1α protein localizes to the nucleus and binds to HIF-1β, forming a heterodimer (HIF-1) that is capable of binding to the DNA of specific (hypoxia-inducible) genes and inducing broad changes in gene expression that mediate acclimation of cells, tissues, and the organism to conditions of low oxygen tension (8) .
Although several HIF-1-dependent factors have been previously reported to stimulate retinal neovascularization, surprisingly, few have been proven to play a significant role in the promotion of vascular permeability and ME. Arguably, the most critical of the HIF-1-dependent secreted factors elaborated by hypoxic cells in ischemic retinopathies is VEGF (9) . VEGF, originally identified as vascular permeability factor, is a potent inducer of vessel permeability and ME (10) . The recent development of specific monoclonal antibodies directed against VEGF has revolutionized the treatment of ME in patients with ischemic retinopathies. Results from recent clinical trials using anti-VEGF therapies for diabetic ME (DME) have shown remarkable results: not only maintaining but also improving visual Significance Ischemic retinopathies include a diverse group of diseases in which immature retinal vasculature or damage to mature retinal vessels leads to retinal ischemia. The anticipated rise in the worldwide prevalence of diabetes will result in a concurrent increase in the number of patients with vision impairment from diabetic eye disease, the most common cause of ischemic retinopathy. We set out to identify novel hypoxia-inducible genes that promote vascular permeability and may therefore play a role in the pathogenesis of diabetic eye disease. We demonstrate that angiopoietin-like 4 (ANGPTL4) is up-regulated by the transcriptional enhancer, hypoxia-inducible factor-1 in hypoxic retinal Müller cells, and can promote vascular permeability. Our findings suggest that ANGPTL4 may be a potential therapeutic target for ischemic retinopathies.
acuity (11) . Nonetheless, although anti-VEGF treatment has shown better outcomes than alternative treatments, only a minority of patients with DME treated monthly with intravitreal injections of anti-VEGF therapies achieves a clinically significant improvement in visual acuity [i.e., a gain of at least 15 letters-or three lines-on the Early Treatment Diabetic Retinopathy Study (ETDRS) vision chart] after treatment (12) . Moreover, some of these patients suffer from persistent or worsening edema and/ or vision loss despite treatment.
These observations suggest that other HIF-1-dependent genes may contribute to the pathogenesis of ME in patients with ischemic retinopathies. Here, we used the oxygen-induced retinopathy (OIR) mouse model to examine the contribution of HIF-1 (and HIF-1-dependent factors that participate with VEGF) to the promotion of vascular permeability in ischemic retinopathies.
Results
HIF-1α Accumulation and Müller Glial Cell Injury/Activation Localize to the Ischemic Inner Retina in the OIR Model. Microvascular complications in diabetic patients are caused by prolonged exposure to high glucose levels. Mouse models, in which the hyperglycemic state is replicated, have proven essential for studying the early stages of diabetic eye disease. However, these models do not adequately reproduce the retinal nonperfusion that results in the release of growth factors that, in turn, promote the vascular permeability characteristic of patients with later stages of diabetic retinopathy (1) . Although no animal model has yet been found to show all of the microvascular complications associated with patients with diabetic eye disease, the OIR mouse model faithfully reproduces the inner retina ischemia (nonperfusion) observed in patients with ischemic retinopathies, including the later stages of diabetic retinopathy; it has proven to be an important tool for studying the pathogenesis of these diseases (13) .
The inner retina is composed of several cell types, including neurons (retinal ganglion cells, bipolar cells, horizontal cells, and amacrine cells) and glial cells (astrocytes and Müller cells). However, the cells responsible for elaborating HIF-1 target proteins that contribute to ischemic retinal disease remain unclear. To better understand the molecular pathogenesis of ischemic retinopathies, we first set out to examine HIF-1α protein stabilization in retinal cells using the OIR mouse model. In OIR mice, vasoobliteration of the posterior retinal vasculature during the hyperoxia phase (P; P7-P12) results in retinal hypoxia in the posterior-but not the peripheral-retina (Fig. S1 ) (14) , thereby providing a reliable internal control (i.e., the peripheral retina) for these studies. HIF-1α protein levels were increased within 24 h of returning mice to normoxic conditions in the posterior (hypoxic) inner retina within the inner nuclear layer (Fig. 1) , which has been previously described (15) .
Increased HIF-1α protein levels in the inner retina localized to an area with an increase in the expression of the intermediate filament protein glial fibrillary acidic protein (GFAP) (Fig. S2A) . GFAP is expressed in astrocytes but also, injured or activated retinal Müller glial cells in response to injury during different pathological conditions (including ischemia, trauma, retinal degeneration, and glaucoma). Of interest, in ischemic diseases affecting the brain (e.g., stroke), astrocytes-glial cells previously thought to contribute only a supportive or structural role-have recently emerged as central players in the response to ischemia (16) . In this context, glial cells play an essential role in the angiogenic response, producing key secreted factors that act in concert to help acclimate the neurons (and brain) to conditions of reduced oxygen tension. To further explore whether Müller glial cells may play an analogous role in ischemic retinopathies, we examined expression of GFAP in the posterior (hypoxic) inner retina compared with the intermediate and peripheral inner retinas in the OIR model. We observed a marked increase in expression of GFAP within hypoxic Müller cells in the inner retina in the ischemic posterior-intermediate but not the perfused peripheral retina (Fig. S2B) . Interestingly, GFAP expression was not affected by administration of digoxin, an inhibitor of HIF-1α translation (17) , suggesting that GFAP expression is a result of Müller cell injury from hypoxia but independent of HIF-1α transcriptional activity ( Fig. 1 and Fig. S2 ). Hypoxia Up-Regulates HIF and VEGF in Injured Müller Glial Cells. To directly assess the response of retinal Müller cells to hypoxia, we isolated primary Müller cell cultures (>95% pure) from the neurosensory retinas of P0-P5 C57BL/6 mice ( Fig. 2A) . These cells maintained a Müller cell phenotype for over eight passages, which was shown by the expression of key Müller cell markers, including vimentin, cellular retinaldehyde-binding protein (CRALBP), and GFAP (Fig. S3) . Primary murine Müller cells responded to hypoxia (3% O 2 ) with an increase in HIF-1α protein stability and nuclear localization (Fig. 2 B and C) and an increase in the mRNA levels of the HIF-1 target gene Vegf (Fig. 2D ). To confirm a role for Müller cells in the hypoxic response in humans, we took advantage of the availability of a previously characterized immortalized human Müller (MIO-M1) cell line (18) . Similar to primary murine Müller cells, exposure of MIO-M1 cells to hypoxia resulted in an increase in HIF-1α protein stability and nuclear localization ( Fig. 2 E and F) , resulting in an increase in VEGF mRNA levels and secreted protein (Fig. 2G) .
We then examined retinal tissue from patients with known diabetic eye disease to determine whether ischemic (injured) Müller cells up-regulate HIF-1 and its target genes in these patients. Similar to the OIR model, injured (GFAP-expressing) Müller cells were detected in the ischemic (posterior) retina but not the perfused peripheral retina (Fig. 2H ). HIF-1α and VEGF also localized to the posterior inner retina but were not detected in the peripheral retina (Fig. 2H) .
Inhibition of HIF Blocks Edema in Ischemic Retinal Disease in Vivo. We next set out to determine whether inhibition of HIF-1α could reduce edema in ischemic retinopathies in vivo. Although the OIR model has been used extensively as a model for retinal neovascularization (14) , we observed that this model results in increased vascular permeability, with leakage of plasma (Fig. 3A) and the plasma protein albumin (Fig. 3 B and C) into the interstitial tissue. The administration of digoxin to inhibit HIF-1α translation resulted in a decrease in vascular permeability (Fig. 3 and Fig. S4) , showing that HIF-1 is required for the promotion of vascular permeability in ischemic retinopathies.
VEGF Alone Is Not Sufficient to Explain the Induction of Vascular
Permeability Mediated by HIF-1 in Hypoxic Müller Cells. To further examine the contribution of secreted factors elaborated by hypoxiatreated Müller cells to vessel leakage, we next treated monolayers of human dermal microvascular endothelial cells (HMVECs) with conditioned medium from MIO-M1 cells exposed to hypoxia and assessed the promotion of endothelial cell permeability as determined by passage of FITC-dextran. Conditioned medium from the MIO-M1 cells exposed to hypoxia increased endothelial cell permeability by almost threefold compared with MIO-M1 cells cultured under nonhypoxic conditions (Fig. 4A) .
HIF-1 plays a major role in regulating the ubiquitous transcriptional response to hypoxia. Nonetheless, a number of other transcription factors (e.g., NF-κB, CREB, AP-1, p53, and SP-1 and -3) are also activated either directly or indirectly by hypoxia. We, therefore, set out to confirm that HIF-1-dependent gene expression in hypoxic MIO-M1 cells was primarily responsible for the promotion of endothelial cell permeability. Pretreatment of MIO-M1 cells with digoxin blocked hypoxic induction of HIF-1α protein accumulation (Fig. 4B ), which in turn, inhibited VEGF mRNA expression and protein secretion ( Fig. 4C ) and potently blocked the property of the conditioned media to promote an increase in endothelial cell permeability (Fig. 4D ).
To assess whether the effect of digoxin on the promotion of endothelial cell leakage by hypoxic Müller cells was mediated mainly by its inhibition of HIF-1 up-regulation of VEGF, we pretreated endothelial cells with the VEGF receptor-2 or kinase insert domain receptor (KDR) inhibitor SU1498. Although effective doses of SU1498 completely blocked the induction of . Similar to GFAP, HIF-1α and VEGF protein were also detected in cells in the inner retina in the posterior but not the peripheral retina. Student's t test, *P < 0.05; **P < 0.01. endothelial cell permeability promoted by 100 ng recombinant human (rh) VEGF-two orders of magnitude higher than the levels secreted by hypoxic MIO-M1 cells-it resulted in only a partial inhibition of endothelial cell permeability by conditioned media from hypoxia-treated MIO-M1 cells (Fig. 4E ). These results suggest that inhibition of HIF-1α may be a more potent therapeutic approach for the treatment of ME than inhibition of VEGF alone. Our findings also suggest that, in addition to VEGF, other HIF-dependent secreted factors may participate in the promotion of vascular permeability by hypoxic Müller cells.
Angiopoietin-Like 4 Is Up-Regulated by HIF-1 in Hypoxic Cultures of
Müller Cells. To address the relative contribution of other HIF-1-dependent secreted factors to the pathogenesis of vascular permeability in ischemic retinopathies, we analyzed changes in mRNA expression induced by exposure of MIO-M1 cells to hypoxia using an Affymetrix Gene Array with over 25,000 gene sequences. Transcripts of several known HIF-1 target genes that play key roles in cell survival (DDIT4 and HSP70-2), angiogenesis (VEGF and EDN1), metabolism (PFKFB4 and ALDOC), and pH regulation (CA9 and CA12) were up-regulated in hypoxic MIO-M1 cells (Table S1 ). Expression of mRNA encoding the angiogenic cytokine, angiopoietin-like 4 (ANGPTL4), was also increased in hypoxic cells (19, 20) . Indeed, of over 25,000 genes screened in the hypoxia-treated MIO-M1 cells, ANGPTL4 was among the most highly induced genes (up-regulated more than ninefold). We confirmed that exposure of MIO-M1 cells to hypoxia induced ANGPTL4 mRNA and protein and that ANGPTL4 mRNA was inhibited by digoxin and therefore, HIFdependent ( Fig. 5 A-C) . Similar results were observed in primary murine Müller cells (Fig. 5 D and E) . These results were confirmed using a second HIF inhibitor rapamycin ( Fig. S5 A and B) and further corroborated using an RNAi approach targeting HIF-1β, thereby preventing the formation of the functional HIF-1 (or HIF-2) heterodimer ( Fig. S5 C and D) . ANGPTL4 has previously been shown to be up-regulated by hypoxic stabilization of HIF (21) (22) (23) (24) (25) . To confirm that stabilization of HIF-1α was sufficient to promote ANGPTL4 expression in retinal Müller cells, we infected MIO-M1 cells with a recombinant adenovirus expressing a constitutively active HIF-1α mutant (Ad-CA5) (26) . Infection of MIO-M1 cells with Ad-CA5 showed that forced HIF-1α expression was sufficient to increase ANGPTL4 mRNA levels and protein secretion in nonhypoxic cells (Fig. 5 F-J) .
ANGPTL4 Is Up-Regulated by HIF-1 in the Hypoxic Inner Retina in Vivo.
We next returned to the OIR model to examine the induction of ANGPTL4 in the ischemic retina in vivo. We observed that Angptl4 mRNA was induced more than 50-fold in the ischemic retina-two times the effect seen with Vegf (paralleling the results observed in vitro)-and that the up-regulation of Angptl4 was sustained for 72 h after ischemia (Fig. 6A) . Immunohistochemical analysis of eyes from OIR mice showed strong expression of ANGPTL4 in the inner retinal layers in the posterior retina in these animals, similar to the expression pattern observed for VEGF (Fig. 6B) . Only light expression of ANGPLT4 was detected in age-matched non-OIR mice. Inhibition of HIF-1α protein accumulation in the ischemic inner retina with daily treatment with digoxin completely abolished the induction of Angptl4 but only partially inhibited the induction of Vegf mRNA expression ( Fig. 6 C and D) .
We next examined whether forced HIF-1α expression in the nonischemic retina was sufficient to promote an increase in Angptl4 transcription in mice. Intravitreal injection of Ad-CA5 (Fig. 6E) resulted in an accumulation of stable HIF-1α protein within 48 h (Fig. 6F ) and an increase of Angptl4 mRNA by almost twofold (Fig. 6G) . ANGPTL4 Promotes Vascular Permeability in Vitro and in Vivo. The role of ANGPTL4 in endothelial cell function remains controversial and possibly tissue-specific (20) . To directly assess whether ANGPTL4 was sufficient to promote vascular permeability in vitro, we treated monolayers of HMVECs with rhANGPTL4 and assessed the promotion of endothelial cell permeability as determined by passage of FITC-dextran. ANGPTL4 potently induced endothelial cell permeability, similar to VEGF (Fig. 7A) . We next assessed whether ANGPLT4 could promote vascular permeability in vivo. To this end, we used the modified Miles assay to measure vascular permeability in the mouse ear after intradermal injection with PBS or ANGPTL4. We observed a re- markable increase in vascular permeability after treatment with ANGPTL4, similar to the increase observed with VEGF (Fig. 7B) . We next examined the potential contribution of ANGPTL4 to the promotion of vascular permeability by hypoxic Müller cells. To this end, we used RNAi to specifically inhibit the expression of ANGPTL4. We treated monolayers of HMVECs with conditioned medium from hypoxic MIO-M1 cells pretreated with ANGPTL4 RNAi. Inhibition of ANGPTL4 expression significantly reduced the endothelial cell permeability promoted by hypoxic Müller cells (Fig. 7C) .
To directly assess whether ANGPTL4 was sufficient to promote vascular permeability in vivo, we injected recombinant murine (rm) ANGPTL4 intravitreally into the mouse eye and examined the retinas after 48 h. We observed a marked and statistically significant increase in vascular permeability, resulting in leakage of plasma (Fig. 7D) and albumin ( Fig. 7 E and F) into the interstitial tissue, similar to the increase in vascular permeability seen with intravitreal injections with rmVEGF (Figs. S6 and S7). Taken together, these results strongly support a role for ANGPTL4 in the promotion of vascular permeability in ischemic retinal disease.
ANGPTL4 Is Expressed in the Inner Retina of Patients with Diabetic
Eye Disease. Examination of retinal tissue from five individuals with known diabetic eye disease revealed that ANGPTL4 was consistently expressed in the posterior ischemic inner retina adjacent to areas of retinal edema, but it was not observed in the peripheral (perfused) retina in all tissues examined (Fig. 8 ). This expression pattern was similar to the pattern observed for VEGF, and it was identical to the expression pattern of HIF-1α in ischemic (injured) Müller cells (Fig. 2H) . Expression of ANGPTL4 was not detected in retinal tissue from normal (agematched) control patients without a known diagnosis of an ischemic retinopathy (Fig. 8) .
Discussion
By 2050, the prevalence of diabetes will more than triple globally, dramatically increasing the burden of this disease worldwide (27) . The increase in the diabetic population will result in a concurrent rise in the number of patients with vision impairment from diabetic eye disease, the most common cause of severe vision loss in the working age population in the developed world (9) . Despite the recent introduction of therapies targeting VEGF, the majority of patients with DME do not respond with a clinically significant gain in vision (11) . An alternative approach for those patients who fail current anti-VEGF agents is to design treatment modalities that more efficiently inhibit VEGF; however, these efforts may have unwanted consequences. VEGF has been shown to play an important role as a neurotrophic factor, and long-term inhibition of VEGF may potentially damage the neurosensory retina (28, 29) . The observation that loss of a single copy of Vegf is embryonically lethal in mice shows the importance of this potent growth factor in development (30) . Collectively, these considerations support the rationale for the identification and targeting of other factors that participate in the pathogenesis of vascular permeability in patients with ischemic retinopathies.
We provide evidence here that HIF-1 may be a target for the treatment of ME in ischemic retinopathies. In animal models of ischemic retinopathies, inhibition of HIF-1α has been previously shown to also prevent retinal neovascularization (31) . These observations argue in favor of therapies directed against HIF-1 as a broad spectrum approach to target multiple hypoxia-inducible genes that promote vascular permeability. However, HIF-1 plays a fundamental role in acclimating cells to ischemia: HIF-1 regulates the metabolic shift from respiration to aerobic glycolysis and lactic acid production, stimulates nutrient supply by influencing adaptive survival mechanisms (e.g., autophagy and lipid and glycogen synthesis and storage), protects cells from oxidative stress, and safeguards cells from acidosis (32, 33) . In concert with the angiogenic genes regulated by HIF-1, the responsible genes work together to collectively promote the survival of cells/tissue exposed to chronic ischemia. Inhibition of HIF-1 may, therefore, have undesirable effects on the highly metabolically active retina. Additional studies examining the sequelae of chronic HIF inhibition on the retina are necessary before this approach could be brought to the clinic. An alternative strategy for the treatment of patients with ischemic retinopathies may be to identify and inhibit only the specific HIF-1-dependent target gene products that promote ME, which has been shown by anti-VEGF therapies. In this regard, we show here that ANGPTL4 is a key HIF-regulated gene expressed in the inner retina by hypoxic Müller cells that promotes vascular permeability in ischemic retinal disease. Angiopoietins have been described as critical factors in vascular development (34) . Angiopoietin-1 promotes vessel maturation, whereas angiopoietin-2 antagonizes its effect on vessel stabilization. ANGPTL4 is a secreted glycoprotein that-unlike angiopoietin-1 and -2-does not bind to the TIE-2 receptor and remains an orphan ligand (19, 20, 35) . Although ANGPTL4 secretion has been shown to modulate the disposition of circulating triglycerides by inhibiting lipoprotein lipase (20, 36) , its role in vascular biology is less clear.
Initial studies on the role of ANGPLT4 in cancer showed that this cytokine may inhibit angiogenesis and tumor metastasis (37) (38) (39) (40) (41) . However, more recent reports suggest that ANGPTL4 may be proangiogenic and provascular permeability (23, 25, (42) (43) (44) (45) (46) . ANGPTL4 has been shown to disrupt vascular endothelial cellcell (tight and adherens) junctions, facilitating cellular transendothelial passage and tumor dissemination (47) . ANGPTL4 has also been found to promote the angiogenic and exudative phenotypes characteristic of the unique vascular tumor Kaposi's sarcoma and activate the rho-associated kinase (ROCK) pathway (48) . More recently, it has been shown that ANGPTL4 may promote the disruption of vascular integrity by directly interacting with integrin α5β1, vascular endothelial-cadherin, and claudin-5 in a temporally sequential manner (49) .
In the context of the eye, this multifaceted cytokine has also been shown to be both pro-and antiangiogenic (37, 50) . Recently, examination of the eyes of homozygous Angptl4 null mice suggested that ANGPTL4 is proangiogenic (50) . However, contrary to the observations described here, Perdiguero et al. (50) also found that loss of expression of ANGPTL4 resulted in an increase in vascular permeability in the developing retina. These disparate results may be a consequence of compensatory changes in the levels of other factors that also affect vascular permeability (e.g., VEGF) during development of the retina in the Angptl4 null mice. It may also be that ANGPTL4 plays different roles in vascular development and pathological angiogenesis in the eye. Additional studies to delineate the mechanisms (and context) in which ANGPTL4 exerts its varied effects are clearly necessary. In addition to VEGF, the list of cytokines and growth factors that have been proposed to participate in the pathogenesis of diabetic eye disease is long. This list includes-but is not limited to-angiopoietins, ILs, PDGF, FGF, hepatocyte growth factor, TGF, placental endothelial cell growth factor, connective tissue growth factor, angiotensin, and monocyte chemotactic protein. However, to date, only VEGF has proven to be an effective target for the treatment of vascular hyperpermeability in DME. Our results suggest that, like VEGF, ANGPTL4 may play an important role in promoting vessel permeability in patients with ischemic retinopathies. We propose that ANGPTL4 may, therefore, be an important mediator of ME in ischemic retinopathies. Our findings provide the foundation for studies to assess a role for ANGPTL4 in DME.
Materials and Methods
Cell Culture and Reagents. MIO-M1 cells were a gift from Astrid Limb (University College London, Institute of Ophthalmology, London, United Kingdom). Isolation of primary Müller cells was performed as previously described (51) . Primary HMVECs were obtained from Lonza and cultured according the manufacturer's protocols with DMEM (Invitrogen) containing 1g/L glucose with 10% (vol/vol) FBS (Quality Biological) and 1% penicillin/streptomycin (Cellgro). Before treatment (hypoxia or hypoxia mimics), the growth media was replaced with serum starvation media containing 1% FBS. Recombinant ANGPTL4 and VEGF as well as ANGPTL4 and VEGF ELISA kits were obtained from R&D Systems. The KDR inhibitor, SU1498, and rapamycin were obtained from Calbiochem. Digoxin was obtained from Sigma. Predesigned control (Scrambled) and ANGPTL4 and HIF-1β siRNA sequences were obtained from Qiagen. Adenovirus expressing LacZ control (Ad-LacZ) and Ad-CA5 have been previously described (26) . Hypoxia chambers were used to expose MIO-M1 cells (1% oxygen) and primary murine Müller cells (3% oxygen; exposure of primary murine Müller cells to lower oxygen concentrations resulted in cell death).
Mice. Eight-week-old pathogen-free female C57BL/6 mice (Jackson Laboratory), female athymic nu/nu mice (Harlan Sprague-Dawley), and timed pregnant C57BL/6 mice [embryonic day 14(E14); Charles River Laboratories] were treated in accordance with the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research and the guidelines of the Johns Hopkins University Animal Care and Use Committee.
OIR. OIR experiments were performed as previously described (13) . In brief, C57BL/6 mice were placed in 75% O 2 at postnatal day P7. At P12, the mice were returned to room air. A subset of mice was given daily i.p. injection of vehicle or 2 mg/kg digoxin. Retinas were collected from mice at P12 (2 h after return to normoxia), P13, P14, and/or P17. Representative images from specified days are shown in the figures. Western Blot and ELISA. Cell and neurosensory retina lysates were subjected to 4-15% gradient SDS/PAGE (Invitrogen). Immunoblot assays were performed with primary antibodies specifically recognizing HIF-1α [molecular mass of 120 kDa for endogenous HIF-1α (Ab2185; Abcam) and 100 kDa for CA5 HIF deletion mutant (610959; BD Transduction Laboratories)], ANGPTL4 (Millipore), and GAPDH (Fitzgerald). Levels of secreted VEGF and ANGPTL4 were measured in media conditioned by MIO-M1 cells using DuoSet human VEGF or ANGPTL4 ELISA kits (R&D System). Permeability Assays. In vitro permeability assay was performed as previously described (48) . Briefly, HMVECs were seeded on collagen-coated transwells (3-mm-size pore; PTFE; Corning) and allowed to grow as a 3-d-old mature monolayer. After overnight starvation, 500 and 100 μL conditioned medium were added for 30 min (37°C) to the bottom and top chamber, respectively. A total of 100 μL 1 mg/mL FITC-dextran (molecular weight = 40,000; Invitrogen) was added for 30 min. Fluorescence was quantified using a SpectraMax M5 Microplate Reader (Molecular Devices) with excitation at 494 nm and emission at 521 nm. In vivo permeability was assessed using a modified Miles assay as previously described (48) . Briefly, Evan Blue dye was injected into mouse tail veins (200 μL 12 mg/mL solution in PBS). After 5 min, animals were anesthetized using Tribromoethanol; 20 μL 0.2 μg VEGF or 0.2 μg ANGPTL4 (in PBS) were injected intradermally into the right ear (PBS was injected into the left ear as a control). After 8 min, photographs were taken. Levels of Evans blue dye were then extracted from mouse ear in 1 mL formamide at 55°C for 16 h, and dye content was quantified at 610 nm using a spectrophotometer (48) .
Quantitation of vascular permeability in the retina was assessed by examining four high-powered fields of the posterior retina from three animals and counting the number of CD31-labled inner retina vessels in the posterior retina that had visible adjacent extravascular albumin (detected by immunofluorescence) as a percent of the total vessels in each field.
Microarray. Briefly, MIO-M1 cells were treated with or without hypoxia for 8 h, and the mRNA was extracted with the RNeasy Mini Kit (Qiagen); 300-500 ng mRNA were used for microarray assay. The MicroArray assay was performed using the Affymetix Human Gene 1.0ST MicroArray by the Johns Hopkins Deep Sequencing and Microarray Core Facility. The fold of increase of an individual gene expression under hypoxia treatment was calculated using the equation 2 (n2 − n1) , where n2 is the reading of the hypoxia sample and n1 is the reading of the normoxia sample.
Immunohistochemistry and Immunofluorescence. Immunohistochemical detection of extravascular albumin (Cedarlane-Nordic) was performed on cryopreserved mouse tissue sections using a nitroblue tetrazolium development system using Streptavidin alkaline phosphatase as previously described (53) . Immunohistochemical detection of HIF-1α (Abcam), human and murine ANGPTL4 (Abcam and Lifespan BioSciences, respectively), VEGF (Santa Cruz), and GFAP (Sigma) was performed in paraffin-embedded human tissue (obtained from the Wilmer Eye Institute Ocular Pathology Archives with approval from the Johns Hopkins School of Medicine Internal Review Board) and mice cryopreserved tissue using the ABC System (Dako) as previously described (54) .
Immunofluorescence detection of CD31 (BD Pharmingen), Hypoxy-probe (HPI), GFAP, (Sigma), HIF-1α (Abcam), vimentin (Abcam), and albumin (Cedarlane-Nordic) was performed on retina flat mounts or cryopreserved mouse tissue sections as previously described (55) (56) (57) . Immunodetection was performed using goat anti-mouse Alexa F 555, goat anti-rabbit Alexa F 488, and goat anti-rat Alexa F 647 (Invitrogen) associated with DAPI (Invitrogen). Images were captured using the Zeiss confocal microscope meta 710 LSM (Carl Zeiss Inc.).
Statistical Analysis. In all cases, results are shown as a mean value ± SD from at least three independent experiments. Western blot scans are representative of at least three independent experiments. Statistical analysis was performed with Prism 4.2 software (GraphPad). Student's t test: ***P < 0.001; **P < 0.01; *P < 0.05. 
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